Interferon (IFN-␣) is effective therapy for polycythemia vera (PV) patients, but it is
Introduction
The chronic myeloproliferative neoplasms (MPNs) originate at the level of hematopoietic stem cells (HSCs) and/or progenitor cells. [1] [2] [3] [4] The identification of an acquired somatic mutation on Janus kinase 2 (JAK2V617F) in the myeloid cells of MPN patients has led to the development of small-molecule inhibitors of JAK2. [5] [6] [7] [8] [9] Clinical trials of these agents revealed their ability to decrease the degree of splenomegaly and to improve systemic symptoms in MPN patients, but unfortunately, the progeny of the malignant clone have not been substantially affected. [10] [11] [12] [13] IFN-␣ therapy has been effective in controlling the excess production of red cells and platelets, reducing the burden of malignant cells (granulocyte JAK2V617F allele burden), occasionally inducing cytogenetic remissions, correcting marrow morphologic abnormalities, and reestablishing polyclonal hematopoiesis in a substantial number of polycythemia vera (PV) patients. [14] [15] [16] [17] However, prolonged therapy of PV patients with IFN-␣ is not in frequently limited by a variety of adverse events, necessitating its discontinuation. 18 Because many of these adverse events are dose dependent, the identification of drugs that can be combined with lower doses of IFN-␣ potentially would provide a means of treating greater numbers of PV patients with IFN for longer periods of time.
IFN-␣ binds to the type I IFN receptor and activates the JAK/TYK/STAT pathway, leading to multiple downstream events. 19 Furthermore, IFN-␣ also activates a p38 mitogen-activated protein kinase (MAP kinase) resulting in apoptosis of PV hematopoietic progenitor cells (HPCs). 20 Both of these pathways have been shown to act through the p53 tumor suppressor protein. [21] [22] [23] p53 plays an important role in the control of DNA repair, cell cycling, and apoptosis, and is frequently inactivated in human cancers. 23 In chronic phases of the MPN, including PV wild-type forms of p53, are universally present, whereas p53 mutations have been identified in only a limited number of patients undergoing transformation to acute leukemia. [24] [25] [26] [27] The murine double minute (MDM2) plays a major role in keeping p53 cellular levels low. 28 MDM2 not only facilitates p53 degradation, but also binds p53 and inhibits its transcriptional activity. A small-molecule antagonist of MDM2, Nutlin-3, specifically inhibits the p53-MDM2 interactions in the cellular context, activates the p53 pathway in cancer cells with wild-type p53, resulting in cellular blockade in G 1 and G 2 , and increased apoptosis. 29 MDM2 and p53 play a role in normal HSC homeostasis in mice. Unrestrained p53 activity depletes HSCs and HPCs via induction of cell cycle arrest, senescence, and ultimately cell death. Recently, Nakatake et al demonstrated that, in cell lines, JAK2V617F alters p53 responses to DNA damage through upregulation of La antigen that increases MDM2 protein translation. 30 These experiments were repeated with erythroblasts derived from CD34 ϩ cells isolated from peripheral blood of healthy donors or JAK2V617F-positive PV and primary myelofibrosis patients. They observed that expression of p53 was significantly reduced in PV patients compared with control cells. This reduced expression was associated with a significant decrease in Bcl-2 associated X protein (BAX) and the p53 up-regulated modulator of apoptosis (PUMA) mRNA expression in primary myelofibrosis compared with control cells. Molecules with nutlin-like activities are currently being evaluated in clinical trials for a variety of human malignancies. 31 We hypothesized that Nutlin-3 might be an effective agent to combine with IFN ␣ to treat MPN patients. Targeting alternative pathways that can up-regulate p53 might serve as a novel therapeutic strategy for treating PV patients. In this study, the potential therapeutic utility of IFN-␣ combined with Nutlin-3 targeting of Mdm2/p53 proteins in PV patients was investigated.
Methods

Cell preparation
Peripheral blood was obtained from 19 PV patients being treated with phlebotomy alone and/or aspirin after informed consent was obtained according to guidelines established by the Institutional Review Board of the Mount Sinai School of Medicine, New York, NY. Approval was obtained from the Institutional Review Board of the Mount Sinai School of Medicine, New York, NY for these studies. Informed consent was provided according to the Declaration of Helsinki. All patients met the World Health Organization diagnostic criteria for PV. The peripheral blood samples were layered onto Ficoll-Hypaque (1.077 g/mL; GE Healthcare) and low-density mononuclear cells separated after centrifugation. The CD34 ϩ cell population was isolated using a human CD34 ϩ cell selection kit (StemCell Technologies) according to the manufacturer's instructions. The purity of the CD34 ϩ cell population was analyzed using a FACSCalibur flow cytometer (BD Biosciences); the purity of CD34 ϩ cells used in all experiments was Ն 85%. Fresh normal human bone marrow CD34 ϩ cells were purchased from ALLCELLS. The characteristics of the PV patients studied are shown in supplemental Table 1 (available on the Blood Web site; see the Supplemental Materials link at the top of the online article).
HPC assays
CD34 ϩ cells were cultured in serum free medium (StemCell Technologies) 32, 33 containing 50 ng/mL stem cell factor (SCF), 50 ng/mL thrombopoietin (TPO), 50 ng/mL fms-like tyrosine kinase 3 (Flt-3) ligand, and 50 ng/mL IL-3, and were treated with a low dose of Peg IFN-␣ 2a (200 U/mL; Roche Diagnostics), or a low dose of Nutlin-3 (200nM; Cayman; 48108), or in combination for 4 days. After 4 days of treatment, CD34 ϩ cells were assayed in semisolid media as described previously. 34 Briefly, 5 ϫ 10 2 CD34 ϩ cells were plated per dish in duplicate cultures containing 1 mL IMDM with 1.1% methylcellulose and 20% FBS, to which SCF, TPO, Flt-3 ligand, IL-3, and GM-CSF at each 50 ng/mL, and 2 U/mL erythropoietin (EPO) were added. Colonies were enumerated after 14 days of incubation as described previously, and individual colonies were plucked and genotyped for JAK2V617F.
Nested allele-specific PCR for JAK2V617F-positive colonies
Genomic DNA was isolated from randomized plucked colonies using the Extract-N-Amp Blood PCR Kits (Sigma-Aldrich). JAK2V617F was detected by using a nested allele-specific PCR as described previously. 34 The final PCR products were analyzed on 2.0% agarose gels. The nested PCR product had a size of 453 bp. A 279-bp product indicated allele-specific JAK2V617F-positive, whereas a 229-bp product denoted allele-specific wild-type product. Colonies were classified as homozygous for JAK2V617F if they contained only the 279-bp band, whereas heterozygous colonies were identified based on the presence of both the 279-bp and 229-bp bands.
Apoptosis assay
Treated cells were collected and washed with PBS for staining with annexin-V (BD Biosciences); the staining procedures were performed according to the protocols provided by the manufacturer. Data were acquired on a FACSCalibur flow cytometer (BD Biosciences), and at least 10 000 live cells were acquired for each analysis (BD FACS Diva software; BD Biosciences).
Western blot analysis
CD34 ϩ cells were purified from the peripheral blood of patients with PV and cultured in serum-free medium contained with SCF, FL-3 ligand, IL-3, and TPO. The cells were treated with a low dose of Peg IFN-␣ 2a, or a low dose of Nutlin-3 or in combination for 4 hours. Cells were harvested and the whole cells protein extracts were prepared with RIPA lysis buffer (Boston BioProducts) containing protease inhibitors cocktail (Thermo Scientific) for Western blotting.
To prepare the cytoplasmic and nuclear protein fractions of cells from patients with PV, CD34 ϩ were expanded in serum-free media containing SCF, FL-3 ligand, and IL-3 for 10 days. CD34 ϩ cells were then repurified and treated with a low dose of Peg IFN-␣ 2a, or Nutlin-3 alone or in combination for 48 hours in the presence of SCF, FL-3 ligand, IL-3, and TPO. The protein extracts were prepared using the NE-PER nuclear and cytoplasmic extraction reagent (Thermo Scientific) according to the manufacturer's instructions.
Before Western blotting, all the samples were denatured with Laemmli SDS-sample buffer (Boston BioProducts) by heating at 95°C for 5 minutes; each sample was separated on SDS-PAGE gels and transferred to polyvinyldifluoridine membranes (Bio-Rad). Phospho-p53, p53, MDM2, p21, p-STAT1, PUMA, and Bak were visualized using the antibodies (Cell Signaling Technologies) and ECL Western blotting reagents (Denville Scientific).
Statistical analysis
Results were reported as the mean Ϯ SD of individual data points obtained from the various number of experiments. Statistical significance was determined using Student t tests or paired-samples t test.
Results
PV CD34 ؉ cells contained higher levels of MDM2 protein
To evaluate the potential therapeutic effects of IFN-␣ and Nutlin-3 alone or in combination, we first tested the basal level of MDM2 protein in CD34 ϩ cells from 7 PV patients and 5 normal bone marrow samples by Western blot analysis. Although p53 protein level was too low to be calculated in both normal and PV CD34 ϩ cells, we documented by real-time PCR that p53 mRNA levels were much lower in CD34 ϩ cells from PV than that observed in normal CD34 ϩ cells (supplemental Figure 1) . The expression of MDM2 protein was significantly higher in PV CD34 ϩ cells compared with normal controls as determined by densitometric quantitation of Western blots (Figure 1 ). These data are consistent with the report of Nakatake et al. 30 
PV CD34 ؉ cells responded to the treatment of Nutlin-3 in a dose-dependent fashion
The effect of increasing concentrations of Nutlin-3 on the ability of PV CD34 ϩ cells to generate CFU-GM-and BFU-E-derived colonies was assessed with. CD34 ϩ cells were isolated from 5 patients with PV and cultured in serum-free medium with SCF, Flt-3 ligand, IL-3, and TPO, cells treated with Nutlin-3 at doses from 100nM to 1000nM for 4 days. After treatment, the same numbers of CD34 ϩ cells were assayed for colony formation. Nutlin-3 was capable of suppressing BFU-E-and CFU-GMderived colony formation by PV CD34 ϩ cells in dose-dependent fashion. The IC 50 of Nutlin-3 was 800nM for CFU-GM and 600nM for BFU-E (Figure 2 ). By contrast, normal CD34 ϩ cells were less PV AND TREATMENT WITH NUTLIN-3 AND IFN-␣ 3099 BLOOD, 11 OCTOBER 2012 ⅐ VOLUME 120, NUMBER 15 For personal use only. on April 15, 2017 . by guest www.bloodjournal.org From responsive to the effects of Nutlin-3. Doses of Nutlin-3 up to 1000nM did not affect colony formation by normal marrow CD34 ϩ cells.
Treatment with a low dose of Peg IFN-␣ 2a combined with low doses of Nutlin-3 significantly inhibited the proliferation of PV CD34 ؉ cells
We investigated the antiproliferative effect of low doses of Peg IFN-␣ 2a and Nutlin-3 on HPCs. The doses chosen for these studies (200 U/mL of Peg IFN-␣ 2a and 200nM of Nutlin-3) each had suboptimal inhibitory effects on CD34 ϩ cell proliferation based on data presented in Figure 2B and previous study reported from our laboratory. 20 Treatment with Peg IFN-␣ 2a or Nutlin-3 alone or in combination inhibited the PV CD34 ϩ cell numbers of CD34 ϩ cells after 4 days of culture to a greater extent than normal CD34 ϩ cells ( Figure 3A) . We then investigated the effect of low doses of Peg IFN-␣ 2a and Nutlin-3 alone or in combination on hematopoietic colony formation by PV and normal CD34 ϩ cells. As shown in Figure 3B -C, treatment with 200nM of Nutlin-3 alone decreased PV CFU-GM-and BFU-E-derived colony formation by 24% and 40%, respectively, whereas treatment with 200 U/mL of Peg IFN-␣ 2a alone decreased PV CFU-GM-and BFU-E-derived colony formation by 34% and 62%, respectively. Combination treatment with low doses of Peg IFN-␣ 2a and Nutlin-3, however, resulted in dramatic suppression of PV CFU-GM-and BFU-Ederived colony formation by 62% and 82%, respectively. Meanwhile, treatment with the same doses of Peg IFN-␣ 2a and Nutlin-3 alone did not affect the ability of normal human marrow CD34 ϩ cells to generate CFU-GM-derived colony formation and exposure to 200nM of Nutlin-3 alone decreased BFU-E-derived colony formation by only 40%. Combination treatment with low doses of Peg IFN-␣ 2a and Nutlin-3 decreased normal CFU-GM-and BFU-E-derived colony formation by 40% and 30%, respectively, which was dramatically less than the effect observed with PV HPCs. These results suggested that treatment with a low dose of Peg IFN-␣ 2a combined with a low dose of Nutlin-3 preferentially targets PV CD34 ϩ cells. To further explore the effects of low doses of Peg IFN-␣ 2a and Nutlin-3 on PV HPC, individual hematopoietic colonies were randomly plucked from cultures receiving treatment with either this combination or cytokines alone, genomic DNA was isolated, and the JAK2V617F allele status was assessed. The combined treatment with Peg IFN-␣ 2a and Nutlin-3 decreased the total number of JAK2V617F-positive HPCs (P ϭ .001; Table 1 ) from 6 PV cases with JAK2V617F granulocyte allele burdens ranging from 28% to 75%, leading to an increased number of colonies with wild-type JAK2. As can be seen in Table 1 , combined treatment with a low dose of Peg IFN-␣ 2a and Nutlin-3 for 4 days was most effective in decreasing the numbers of JAK2V617F heterozygous HPCs. These results indicated that short-term exposure to a low dose of Peg IFN-␣ 2a and Nutlin-3 can preferentially eliminate malignant PV HPCs with a low burden of JAK2V617F. 
Low dose of Nutlin-3 and low dose of Peg IFN-␣ 2a in combination promote apoptosis of PV HPCs
To test whether a low dose of Peg IFN-␣ 2a and/or Nutlin-3 preferentially induces apoptosis of PV HPCs, CD34 ϩ cells from patients with PV and normal bone marrow were cultured in serum-free medium containing cytokines and treated with 200 U/mL of Peg IFN-␣ 2a and 200nM of Nutlin-3 alone and in combination In Figure 4 , one can see that neither Peg IFN-␣ 2a nor Nutlin-3 alone or in combination induced apoptosis of normal CD34 ϩ cells, whereas Peg IFN-␣ 2a alone induced apoptosis of PV CD34 ϩ cells to a limited degree and combination treatment induced apoptosis to a far greater extent.
Combination treatment with a low dose of Peg IFN-␣ 2a and Nutlin-3 increases p53 activity and stabilization through different mechanisms
To further understand the mechanisms by which Peg IFN-␣ 2a combined with Nutlin-3 affects PV HPCs, phosphor-p53 as well as p53 directed p21 levels were evaluated after treatment of PV CD34 ϩ cells with Peg IFN-␣ 2a, or Nutlin-3, alone or a combination. Figure 5 shows that combination treatment for 4 hours induced phosphor-p53 in both of the PV cases studied. In 1 PV case, treatment with even the low dose of 200 U/mL of Peg IFN-␣ 2a alone induced phosphor-p53 to a limited degree. p21 protein levels were also increased in cells treated with the drug combination. Furthermore, CD34 ϩ cells of 3 individual PV patients were treated with a low dose of Peg IFN-␣ 2a or Nutlin-3 alone or in combination for 48 hours to examine the effects of these drugs on downstream regulators associated with cell cycle arrest and apoptosis. In the presence of cytokines alone, the levels of p21, PUMA, and Bak were limited ( Figure 6 ). Treatment with a low dose of Peg IFN-␣ 2a, but not Nutlin-3, activated STAT1, as well as increased the nuclear translocation of phosphor-STAT1 in CD34 ϩ cells. In addition, both drugs alone increased p21, PUMA, and Bak protein levels in the cytosol of PV CD34 ϩ cells after 48 hours of treatment, and a combination of these agents increased p21, PUMA, and Bak protein levels in cytosol to an even greater degree. Several studies have suggested that STAT1 is a key molecular mediator of cell death and apoptosis by interacting with p53. [35] [36] [37] IFN-␣ also is known to induce apoptosis of PV CD34 ϩ cells by activation of the p38 MAPK pathway. Nutlin-3 was incapable of increasing phosphor-STAT1 levels; it specifically blocked the MDM2-p53 interaction, leading to p53 stabilization and accumulation. These data indicate that combination treatment with low doses of Peg IFN-␣ 2a and Nutlin-3 inhibit the proliferation and induce apoptosis of JAK2V617F cells by affecting the p53 pathway through distinct different pathways, including JAK/STAT1, p38MAPK, and the blocking of the interaction between MDM2 and p53.
Discussion
The Philadelphia chromosome-negative MPN are hematologic malignancies originating at the level of the HSCs and/or HPCs. JAK2V617F has been found in Ͼ 90% of patients with PV. JAK2 has served as a target for drug development, leading to the development of several novel small-molecule inhibitors directed against this intracellular kinase. Treatment with these JAK2 inhibitors has resulted in a reduction of the degree of splenomegaly and improvement of systemic symptoms but did not lead to correction of the underlying hematologic parameters, marrow histopathologic abnormalities, or reduction of the JAK2V617F allele burden. [5] [6] [7] [8] [9] [10] [11] [12] [13] By contrast, the recent clinical experience with IFN-␣ and Peg IFN-␣ 2a in patients with high-risk PV and ET indicates that IFN-␣ provides a potential means of eliminating malignant PV hematopoietic cells. [14] [15] [16] [17] Treatment with IFN-␣ results in reduction of JAK2V617F allele burden, elimination of cytogenetic abnormalities, and reestablishment of polyclonal hematopoiesis. 18 Unfortunately, this therapy is interrupted, not infrequently, by adverse events that prevent persons for prolonged periods during which the drug can be administered without compromising their quality of life. Because many of the adverse consequences of IFN-␣ are dose related, the use of For personal use only. on April 15, 2017. by guest www.bloodjournal.org From lower doses of this drug, if equally effective, might make such a long-term treatment strategy possible. Furthermore, the successful treatment of most hematologic malignancies requires the use of combinations of drugs affecting different targets that are associated with nonoverlapping toxicities, rather than the use of a single drug. The effect of additional drugs, such as hydroxyurea, which is currently used to treat PV, may also possibly be enhanced by the addition of nutlin.
In the present study, we showed that treatment with a low dose of Peg IFN-␣ 2a combined with Nutlin-3, a specific small-molecule antagonist of MDM2, significantly inhibited the proliferation by PV CD34 ϩ cells as well as the ability of PV HPCs to form hematopoietic colonies in vitro to a greater extent than that observed with normal CD34 ϩ cells. More importantly, combination treatment decreased the numbers of JAK2V617F-positive hematopoietic colonies by PV CD34 ϩ cells. In 1 patient with JAK2V617F-negative primary myelofibrosis, but with a deletion of the long arm of chromosomal 20, treatment with a low dose of IFN-␣ combined with Nutlin-3 was observed to reduce the number of the chromosomally abnormal cells from At least 50% of colonies were examined if the number of colonies exceeded 50 in an individual dish. If the number of colonies in an individual dish were Ͻ 40, 90% of colonies were plucked and examined.
Homo indicates JAK2V617F homozygous; Hetero, JAK2V617F heterozygous; and WT, contains only wild-type JAK2.
12% to 1% using FISH analysis (supplemental Figure 2) . These results indicate that the combined drug treatment can preferentially eliminate the malignant MPN HPCs. A brief exposure (4 days) to combination therapy also decreased the number of JAK2V617F heterozygous HPCs resulting in increased number of assayable HPCs with wild-type JAK2. We previously reported that in vitro treatment with higher doses of Peg IFN-␣ 2a for 14 days, however, decreased the numbers of both JAK2V617F homozygous and heterozygous HPCs. 20 More prolonged exposure to combination therapy or higher doses of IFN-␣ might be needed to eliminate JAK2V617F homozygous HPCs. IFN-␣ is a pleiotropic biologic response modifier; it binds to the cell surface receptor, the type I IFN receptor, activates JAK/TYK/ STATs pathway, leading to the activation of multiple signal pathways to eliminate malignant cells, including suppressing proliferation, inducing apoptosis of HPC, and promoting the cycling of HSC. In our previous study, we found that IFN-␣ induced PV HPC apoptosis by activating the p38 MAP kinase pathway, whereas others have reported that p38 MAP kinase pathway can activate p53. [20] [21] [22] [23] IFN-␣ also can activate STAT1 through its action on the JAK-STAT pathway. 36, 38 Our results indicate that treatment with Peg IFN-␣ 2a not only significantly increased phosphor-STAT1 level but also increased its nuclear translocation. Several studies have suggested that STAT1 is a regulator of cell death. [36] [37] [38] [39] [40] [41] Townsend et al demonstrated that STAT1 is required for DNA damage-induced apoptosis through its direct interaction with p53. 39 They showed that STAT1 is a negative transcriptional regulator of Mdm2 and might play an important role in mediating apoptosis resulting from IFN-␣. On the other hand, For personal use only. on April 15, 2017 . by guest www.bloodjournal.org From our data showed that Nutlin-3 does not induce phosphor-STAT1 but still increases p53 levels; these data indicate that IFN-␣ and Nutlin-3 result in p53 accumulation by affecting different pathways. In chronic MPN, wild-type p53 is present almost exclusively; p53 mutations have, however, been identified exclusively in MPN patients undergoing transformation to acute leukemia. Nakatake et al reported that, in MPN, expression of JAK2V617F affects the p53 response to DNA damage 30 and that JAK2V617F negatively regulates p53 stabilization by enhancing MDM2 levels. The role of inactivation of wild-type p53 resulting from up-regulation of MDM2 (and/or MDM4) has recently been explored. [28] [29] [30] [31] 42, 43 Our data confirmed that MDM2 protein levels are higher to various degrees in PV CD34 ϩ cells than that in normal CD34 ϩ cells. Additional studies will be required to determine whether MDM2 levels can be used to predict in vitro or in vivo responses to IFN-␣ and nutlin treatment.
In conclusion, our data indicate that IFN-␣ plus the MDM2 antagonist Nutlin-3 specifically target malignant MPN HPCs by acting through different pathways resulting ultimately in p53 accumulation in vitro, which we propose can be exploited therapeutically to eliminate JAK2V617F-positive HPCs in PV patients. These results strongly suggest that combinations of low doses of IFN-␣ and Nutlin-3 might serve as a novel therapeutic strategy for the long-term treatment of PV patients.
